Abstract The proximate composition, fatty acid profiles, physicochemical properties and radical scavenging activities of liver oil from three ray species, Dasyatis pastinaca, Dasyatis violacea and Rhinoptera marginata, were investigated. Lipid contents of D. pastinaca (58.27%) and D. violacea (57.33%) were significantly high compared to those of R. marginata (10.90%). Among minerals, K and Na were the most abundant elements and the highest values were observed for R. marginata (153.7 and 115.86 mg/100 g, respectively). The fatty acid profiles exhibited a dominance of unsaturated fatty acids exceeding 65% of the total fatty acids. C16:0, C18:0 and C14:0 were the major saturated fatty acids. The most abundant monounsaturated fatty acids were C18:1 (10.88-21.98%) and C16:1 (4.47-23.95%). Interestingly, omega-3 polyunsaturated fatty acid profiles exhibited a dominance of eicosapentaenoic acid (3.36-5.51%) and docosahexaenoic acid (9.07-30.50%). D. pastinaca contained the highest carotenoid and total phenolic content accompanied with the strongest free radical scavenging abilities. This study suggests that ray livers which were actually wasted, could be used as new raw material for omega-3 polyunsaturated fatty acid oil production and a good source of carotenoids and phenolic compounds.
Introduction
In the new millennium, there is a growing demand for marine fish oils, the main source of omega-3 polyunsaturated fatty acids (n-3 PUFAs) for use in human food, nutraceutics and pharmaceuticals (Berge´and Barnathan, 2005) . n-3 PUFA family consists of: alpha-linolenic acid (ALA C18:3) and its longer-chain metabolites: eicosapentaenoic acid (EPA C20:5) and docosahexaenoic acid (DHA C22:6). Interestingly, health benefits of EPA and DHA are well demonstrated mainly in the prevention of cardiovascular diseases, lipotoxicity, human breast cancer, inflammatory diseases, asthma and Alzheimer's disease (Martinez et al., 2010) . Due to the general decline of fish stocks, seafood should be used as good as possible involving the investigation of fish processing by-products and low value fishes (Kacem et al., 2011; Shen et al., 2007; Bergeá nd Barnathan, 2005) .
Along the Tunisian coast various fish species are caught for their fins; the head and viscera including the liver are discarded. However, only a few detailed reports on lipid and fatty acid content of by-products and underutilized fishes from this area are available. Recently, viscera of Sardinella aurita, Sarpa salpa and Sepia officinalis from these waters were investigated indicating a high level of n-3 PUFAs, up to 20% including EPA and DHA as major components (Kacem et al., 2011) . Among the Tunisian underutilized fishes, the ray species (belonging to the subclass of elasmobranchii) constitute an attractive marine product, because of their abundance and lower price. It seems therefore interesting to propose the utilization of the ray liver as a source of high quality oil suitable for human consumption. Up to now, there are no studies of lipids and fatty acid composition carried out on ray species from the Tunisian coasts. Nevertheless, scientific information on the composition of elasmobranch liver oil was obtained mainly for shark species (Hayashi and Kishimura, 2000) . However, only little information dealing with liver oil of ray species caught in different areas was reported. For example, fatty acid distributions in the muscle, liver, and gonads of three ray species (Dasyatis marmorata, Rhinobatos cemiculus, and Rhinoptera marginata) from the east tropical Atlantic Ocean were determined by Ould El Kebir et al. (2003) . Also, liver lipids of Dasyatis brevis and Gymnura marmorata from the California Gulf (Navarro-Garcia et al., 2004) and Himantura bleekeri from the Indian coast (Le Nechet et al., 2007) were analyzed. These authors had found that the liver lipidic fractions of all ray species studied contained a high amount of PUFAs (up to 30% of the total lipids), mainly composed of DHA and EPA. Hence, the objective of this work was to characterize the liver oil of three commercial ray species Dasyatis pastinaca, Dasyatis violacea and Rhinoptera marginata from the Mediterranean Sea (Gabes Gulf of Tunisia).
Experimental

Biological materials
Livers of three ray species (D. pastinaca, D. violacea and R. marginata) caught from the east coast of Tunisia (Gabes Gulf), during January 2009 were used in this work. Fresh fishes were purchased from the local market of Sfax city and livers were isolated and kept frozen (À20°C) prior to analysis.
Proximate composition analysis
Dry matter was determined by oven-drying at 105°C to constant mass. Crude proteins were analyzed according to the Kjeldahl method (AOAC, 1990) . A factor of 6.25 was used for the conversion from total nitrogen to crude protein. Fat content was determined according to a method described by Folch et al. (1957) . The ash content was determined by combustion of the sample at 550°C for 8 h. Then, mineral constituents (K, Na, Mg Ca, Fe, Cu, Zn, and Mn) were analyzed separately using an atomic absorption spectrophotometer (Hitachi Z6100, Japan). The density, iodine index and saponification index, were determined following the methods 920.213, 993.20 and 921.160 , respectively of the AOCS (AOCS, 1993).
Fatty acid composition
To determine fatty acid composition, lipids were dissolved in 0.5 ml of hexane. Then, 0.2 ml of potassium hydroxide in methanol (2 N) was added for the fatty acid methylation process. The mixture was vortexed, centrifuged and the upper phase containing fatty acid methyl esters was subjected to the GC/MS analysis. A Perkin-Elmer-Clarus-500 gas chromatograph equipped with HP-5MS capillary column (30 m · 0.25 mm internal diameter, film thickness 0.25 lm; Hewlett-Packard) and coupled to a HP 5972A masse-selective detector (Hewlett-Packard, Palo Alto, CA, USA) was used. The column temperature was programed at 50°C for 1 min, then the temperature was increased progressively to 250°C (7°C/min) and was maintained during 5 min. The temperature of the injector port was held at 250°C (split ratio: 1/100) and the temperature of the detector was set at 280°C. The mass spectrometer conditions were as follows: ionization voltage, 70 eV; ion source temperature, 150°C; electron ionization mass spectra were acquired over the mass range 50-550 Da. The carrier gas was helium (99.995% purity) with a flow rate of 1.2 ml/min and the analyzed sample volume was 2 ll. The individual constituents showed by GC were identified by comparing their mass spectrometry with standard compounds of Willey libraries. Results, which are means of triplicates, were expressed as w/w percentage of total fatty acids.
Carotenoid content
The total carotene analysis in the liver oil was carried out according to Simpson and Haard (1987) . The weighed oil samples were dissolved in hexane and the absorbance at 468 nm was recorded using a UV-Vis spectrophotometer (Secomam, Uvi Light XT 5). Olive oil was used as a control.
Total phenolic content
Total phenolic content was determined by the Folin-Ciocalteu method (Gutfinger, 1981) . A 2.5 g sample of liver oil was extracted with 5 ml of hexane. Then 5 ml of methanol/water (60:40, v/v) was added and the mixture was vortexed vigorously for 2 min. The Folin-Ciocalteu reagent (0.5 ml) and 4.8 ml of bi-distilled water were added to the phenolic fraction. Then 1 ml of sodium bicarbonate (35%, w/v) was added and water was used to bring the final volume to 10 ml. The mixture was incubated for 2 h in the dark at room temperature and then the absorbance of the mixture was measured at 725 nm. Results were expressed in milligram gallic acid equivalents per kilogram of oil (mg GAE/kg oil). Olive oil was used as a control.
DPPH
Å radical scavenging assay
Free radical scavenging activity of the studied liver oil was determined using the DPPH method proposed by Lee et al. (2007) . The conventional DPPH method uses methanol as solvent, which does not dissolve oil. Isooctane was selected as a proper organic solvent for both DPPH and oil samples. The changes in color (from purple to a residual pale yellow color) were measured at 517 nm on a UV/Visible light spectrophotometer (Secomam, Uvi Light XT 5). An aliquot of isooctane solution (0.1 ml) containing different concentrations (1:2 serial dilutions from initial sample) of liver oil was added to 3.9 ml of DPPH solution (0.06 mM in isooctane) and vortexed. 
Statistical analysis
All analyses were carried out in triplicates. Results were expressed as mean values ± standard deviation (SD) (n = 3). Differences were calculated using the one-way analysis of variance (ANOVA), and statistically significant differences were reported at p < 0.05. Data analysis was carried out using the SPSS 10.0 software.
Results and discussion
Proximate composition
The proximate composition of ray livers from D. pastinaca, D violacea and Rhinoptera marginata caught from the Gabes gulf area (Tunisia) was investigated ( Table 1) . Livers of D. pastinaca and D. violacea, showed a significant difference (p < 0.05) for protein contents (1.11 ± 0.18% and 8.43 ± 0.45% for D. pastinaca and D. violacea, respectively) and slight variations for lipid, moisture and ash contents. However, the liver of R. marginata, while compared to those of D. pastinaca and D. violacea, displayed significant differences (p < 0.05) regarding lipid, protein, moisture and ash contents. R. marginata liver displayed the highest protein, moisture and ash contents (12.02 ± 0.13%, 76.23 ± 3.14% and 0.89 ± 0.04%, respectively) and the lowest lipid level (10.90 ± 0.25%). This lipid level is lower than values reported for the same species (22.6%) and for R. steindachneri (57%) by Ould El Kebir et al. (2003) . Higher lipid contents described here for D. pastinaca (58.27 ± 0.86%) and D. violacea (57.33 ± 0.76%) are in agreement with the reported results for D. bleekeri (63.4%) (Pal et al., 1998) and D. marmorata (47.4%) (Ould El Kebir et al., 2003) . These high values could be explained by the fact that in elasmobranch fishes, the majority of lipid storage and metabolism occur in the lobes of the liver (Ballantyne et al., 1993) . Moreover, the chemical composition of livers varied among species in response to a variety of factors (diet, age, size, sex, physiological state, etc.) . In this perspective, the variation of the proximate composition has been described for the edible parts, by-products or for the whole body of many fish species, and was reported to be controlled by various factors (season, temperature, location, breeding cycle, diet, age, size and sex) (Bandarra et al., 1997) . These factors could explain the differences between our results and those reported by others authors (NavarroGarcia et al., 2009; Navarro-Garcia et al., 2004; Ould El Kebir et al., 2003) .
Mineral content
Macro (Na, K, Mg and Ca) and micro-mineral (Fe, Zn, Cu and Mn) contents of livers from the studied species (D. pastinaca, D. violacea and R. marginata) are illustrated in Table 2 . For all samples, K and Na were the most abundant macronutrients and the highest values (153.7 ± 3.20 mg/ 100 g and 115.86 ± 6.28 mg/100 g, respectively) were observed for R. marginata liver. Similar tendency was reported by Wu et al. (2011) for the viscera of red salmon indicating K and Na levels of 120 and 50 mg/100 g, respectively. Among the analyzed micronutrients, Fe was the most abundant element and the highest concentrations were detected in the livers of D. pastinaca (4.30 ± 0.27 mg/100 g) and R. marginata (3.92 ± 0.31 mg/100 g). D. violacea liver contained the lowest Fe level (2.39 ± 0.35 mg/100 g). The abundance of iron is related to its vital role in the enzymatic and respiratory processes of fish (Paez-Osuna and Ruiz-Fernandez, 1995) . The remaining microelements (Zn, Cu and Mn) were detected at much higher levels in livers from R. marginata and D. violacea compared to that of D. pastinaca. Specific binding proteins, called metallothioneins, were found in the liver and were described to bind these heavy metals and to play an essential role in fish metabolism (Hamilton and Mehrle, 1986) . As indicated for the proximate composition, mineral content variations among species might be related to many factors (diet, age, size, sex, physiological state, etc.).
Oil characterization
The physicochemical properties of a given oil are parameters that allow its general characterization. They are used in the quality control of technological processes. In this study, oil parameters such as saponification, iodine indexes, density, carotene contents and total polyphenols were evaluated and olive oil was used as a control (Table 3) . Saponification index (Is = 202.20 ± 1.74 mg KOH/g oil), iodine index Table 4 . The fatty acid profiles exhibited a dominance of unsaturated fatty acids (UFAs) for all samples exceeding 65% of the total fatty acid content. These findings are in line with those previously reported by Navarro-Garcia et al. (2004) and Le Nechet et al. (2007) . Among the saturated fatty acids (SFAs), those occurring at the highest proportions were palmitic acid (C16:0, ranging from 19.8% to 24.52%) followed by stearic acid (C18:0, ranging from 2.34% to 6.77%) and myristic acid (C14:0, ranging from 0.57% to 1.06%). The most abundant monounsaturated fatty acids (MUFAs) found in all samples were oleic acid (C18:1, contents ranging from 10.88% to 21.98%) and palmitoleic acid (C16:1, contents ranging from 4.47% to 23.95%). These results are in agreement with values reported for liver oils from shark (Nichols et al., 1998) and from rays (D. brevis and G. marmorata) (Navarro-Garcia et al., 2004) . The percentages of PUFAs found in livers of the studied ray species were important. The highest levels of PUFAs were observed for liver oil of R. marginata (49.60 ± 2.02%). Interestingly, the major n-3 PUAFs were EPA (C20:5) and DHA (C22:6) with contents varying from 3.36% to 5.51% and from 9.07% to 30.50% respectively. The EPA level is in agreement with that of marine liver oil previously described by Berge´and Barnathan (2005). Moreover, DHA content of this study seems to be at acceptable levels when compared to oils from other species such as G. marmorata (10%) (Navarro-Garcia et al., 2004) , cuttlefish (19.04%) (Shen et al., 2007) and Indian sardine (37%) (Nichols et al., 1998) . Therefore, ray liver seems to be a good source of n-3 PUFAs recognized for their health benefits since it was found that EPA is very effective in the treatment of some cardiovascular diseases and has a protective effect against thrombosis, atherosclerosis and some inflammatory diseases. Similar studies reported the effective role of DHA in preventing skin disorders and in brain development (Ziboh et al., 2000) . In addition to n-3 PUFAs, n-6 PUFAs were also found at levels of 4.83%, 3.16% and 6.25% for D. pastinaca, D. violacea and R. marginata, respectively. These values are around the limit of n-6 PUFA content in fish oil (generally less than 5% of total fatty acids) mentioned by Ratnayake et al. (1989) . Among n-6 PUFAs, arachidonic acid (C20:4 w-6) was the major one present at levels ranging from 2.07 ± 0.02% (for D. violacea) to 3.34 ± 0.07% (for R. marginata). This fatty acid is a precursor for prostaglandin and thromboxane, which contributes to form the blood clot by attachment to the endothelial tissue during wound healing. Arachidonic acid also plays a role in the development of the brain and the retina and in infantile growth (Osman et al., 2001) . Furthermore, it has been reported by Allen and Harris (2001) that consumption of oils with concentrations of n-3 PUFAs higher than those of n-6 PUFAs has many health benefits. In our study, n-3/n-6 PUFA ratios were 2.95, 6.22 and 9.49, for oils from D. pastinaca, R. marginata and D. violacea, respectively. According to Berge´and Barnathan (2005), similar ratios seem to be needed for the prevention of chronic diseases. However, it is noteworthy that fatty acid profiles of various organs from marine organisms could be controlled by many factors (sex, size, age, reproduction, water temperature, degree of pollution, nutritional condition, genetic differences between species, geographical location, handling, processing, storage and distribution) (Ozyurt et al., 2006) .
Carotenoids and polyphenol content
Carotenoids and total polyphenol contents of liver oils varied significantly (p < 0.05) among the studied species with values ranging from 1.3 to 22.72 mg/100 g oil for carotenoid content and from 80.22 to 246.02 mg GAE/kg oil for total polyphenols (Table 3) . Interestingly, liver oil from D. pastinaca exhibited the highest carotenoids (22.72 ± 0.08 mg/100 g oil) and total phenolic (246.02 ± 4.65 mg GAE/kg oil) contents. Comparable carotenoid content variations were also reported for other species such as D. brevis (2-16 mg/100 g liver oil) and G. marmorata (0.2-5 mg/100 g oil) (Navarro-Garcia et al., 2004) . However, to our knowledge, no previous studies have reported the total polyphenols content in rays liver oil. Olive oil was used as a control and showed a high phenolic content (354.82 ± 8.35 mg GAE/kg oil) and a low carotenoid concentration (0.64 ± 0.05 mg/100 g oil). Interestingly, carotenoids and phenolic compounds were among the most effective natural antioxidants known to protect the oil from oxidation as well as from in vivo peroxidation. It is noteworthy that rays are not capable of synthesizing carotenoids and that they obtain their needs from shrimp or other small crustaceans which constitute a fundamental part of their diet (Ne`greSadargues et al., 2000) . In the light of the richness of liver oils in carotenoids and phenolic compounds, they were screened for their antioxidant capacities using the DPPH Å radical scavenging assay. Fig. 1 shows the reduction curves expressed as the % of remaining DPPH Å as a function of liver oil concentration. The antioxidant capacity of the three liver oil samples was significantly different (p < 0.05). A lower concentration of oil required for scavenging of half quantity of DPPH Å (IC50) indicates a higher antioxidant capacity. The IC50 values for liver oils from D. pastinaca, R. marginata and D. violacea were 0.92 ± 0.03; 1.21 ± 0.06 and 2.1 ± 0.1 mg/ml, respectively (Fig. 1) . Interestingly, liver oils from D. pastinaca and R. marginata had a comparable anti-oxidant activity to that of olive oil whose IC50 value was 1.12 ± 0.08 mg/ml. The DPPH Å radical Table 4 Fatty acid content of liver oil from Dasyatis pastinaca, Dasyatis violacea and Rhinoptera marginata (expressed as a percentage (% w/w) of total fatty acid content). scavenging activities of these oils were higher than that of D. violacea oil. The liver oils displaying the best anti-oxidant activities had the highest contents in carotenoids (22.72 mg/ 100 g oil) and phenolic compounds (246.02 mg GAE/kg oil).
Olive oil with the highest polyphenol content and the lowest carotenoid content exhibits antioxidant behavior similar to that of liver oil from D. pastinaca and R. marginata. These results could be explained by the fact that carotenoids and phenolic compounds contribute to oil stability against oxidation together with other chemical compounds. This is in agreement with reports that contributions of phenolic compounds and carotenoids to olive oil stability were estimated at approximately 30% and 6%, respectively (Nakbi et al., 2010) .
Conclusion
This study shows that the ray livers from D. pastinaca, D. marginata and R. marginata, which were usually wasted, could be used as new raw material for oil production in view of commercial exploitation. One advantage of oil from ray liver might be its low cost compared to traditionally produced fish oils. This oil is an excellent source of n-3 PUFAs, particularly EPA and DHA and of n-6 PUFAs, such as arachidonic acid. These oils also display anti-oxidant activity comparable to that of olive oil. Moreover, the use of liver as a source for producing valuable bio-products such as lipids and proteins can also help in resolving the environmental issue of discarding fish wastes. 
